BACKGROUND: In utero undernutrition is associated with obesity and insulin resistance, although its effects on skeletal muscle remain poorly defined. Therefore, in the current study we explored the effects of in utero food restriction on muscle energy metabolism in mice.
INTRODUCTION
Obesity risk in adulthood can be influenced by events during intrauterine life. The developmental programming hypothesis holds that adverse influences during critical periods in development permanently alter tissue structure and function, which in turn increases disease risk. Hales and Barker demonstrated a strong association of low birth weight with cardiovascular disease and type 2 diabetes mellitus (T2DM) risk and hypothesized that this resulted from the offspring developing a thrifty phenotype in utero in anticipation of life with limited food. 1, 2 Epidemiological studies in humans and animal models show that during the prenatal period, it is crucial to achieve optimal nutrition as both low and high birth weights are associated with risk of metabolic disease. 3 In the current study, we have used a mouse model of low birth weight generated through 50% food restriction of mouse dams during the third week of gestation. 4 Initial studies using this mouse model reported that offspring of undernourished pregnancies develop progressive, severe glucose intolerance by 6 months of age, beta-cell dysfunction and increased lipogenic gene expression and adipocyte size. 4, 5 Disordered skeletal muscle metabolism is associated with the adverse metabolic complications of obesity and T2DM, and has not been investigated in this model of obesity. Skeletal muscle in obese individuals exhibits reduced oxidative capacity, increased glycolysis, mitochondrial dysfunction and a shift in fiber-type distribution towards more glycolytic fibers. [6] [7] [8] [9] [10] Healthy individuals with low birth weight have been shown to have abnormalities in muscle including decreased mass, reduced oxidative capacity, increased glycolytic capacity and a lower proportion of oxidative type I fibers. [11] [12] [13] It is well known that muscle is highly adaptable and responds to environmental and physiological challenges by changing its size, composition and aerobic capacity. 14, 15 Therefore, we hypothesized that the increased susceptibility to obesity and glucose intolerance in low birth weight mice is due in part to dysfunctional muscle mitochondrial energetics. This is supported by observations in rats showing that a low protein diet during pregnancy is associated with decreased mitochondrial DNA content in the muscle of offspring 16 and that growth restriction by bilateral uterine artery ligation in late gestation causes decreased adenosine diphosphate-stimulated respiration in muscle mitochondria. 17 No studies to date have examined muscle mitochondrial energetics in animals having low birth weight as a result of maternal food restriction and none have assessed the response of the adult offspring to a hypocaloric diet. Although links are well established between low birth weight and increased susceptibility to obesity and T2DM, the mechanisms by which maternal food restriction alters the long-term metabolic health of offspring remain to be fully understood.
MATERIALS AND METHODS Animals
All experiments were performed according to the principles and guidelines of the Canadian Council of Animal Care and the study was approved by the Animal Care Committee, University of Ottawa. Animals were housed with controlled temperature, humidity and light-dark cycle (0600-1800 h). Virgin female Institute for Cancer Research (ICR) mice (Harlan, Indianapolis, IN, USA; age 6-8 weeks) were paired with male Institute for Cancer Research mice (Harlan; age 6-8 weeks). Pregnancies were dated by vaginal plug (day 0.5) and pregnant mice were housed individually with ad libitum access to standard rodent chow (T.2018, Harlan Teklad, Indianapolis, IN, USA). On day 12.5 of pregnancy, dams were randomly assigned to either a control or an undernutrition group. Dams in the undernutrition group were 50% food restricted from days 12.5-18.5, based on the food intake of gestational day matched controls. At birth, all mothers were given ad libitum access to chow. On postnatal day 1, litters were equalized to eight, with additional pups being removed randomly from the litter. Pups were weaned at the age of 3 weeks and mice were housed in groups of 3-4 from age 3-8 weeks. At the age of 8 weeks, mice were separated into individual cages and at the age of 10 weeks mice were randomly assigned to either a 40% calorie-restricted group (D01092702: Research Diets) or an ad libitum control group. The calorie-restricted diet was formulated to ensure that the nutrient intake is normal despite decreased energy intake; it is thus used to study effects of calorie restriction rather than food restriction. Therefore, at 14 weeks of age four groups of mice were studied: in utero undernourished offspring fed ad libitum postnatally (U-L), in utero undernourished offspring that were calorie restricted for 4 weeks during adulthood (U-R), control offspring fed ad libitum (C-L) and control offspring that were calorie restricted for 4 weeks during adulthood (C-R). Calorierestricted mice were fed daily at 1600 h. Female offspring were used. End point determinations were performed with mice from at least four different litters per group, with no more than two mice obtained from the same litter. Mice were fasted overnight prior to euthanizing.
Indirect calorimetry and activity
At ages 10 and 14 weeks, randomly selected mice from each group were placed in a four-chamber open-circuit indirect calorimeter (Columbus Instruments, Columbus, OH, USA). 18 Chambers were configured with dual axis (X, Y) detection of motion using infrared photocells (Columbus Instruments) to measure activity. Measurements were conducted over 24 h after 2 h of acclimatization. The respiratory exchange ratio was calculated as VCO 2 /VO 2 . Activity was calculated as total number of laser beam breaks.
Glucose tolerance testing
Oral glucose tolerance tests were performed on mice fasted for 6 h. Glucose (2 mg g − 1 body weight) was given by gavage at time 0. Saphenous vein blood was collected at 0, 15, 30, 60 and 120 min and glucose concentration was determined by a glucometer (Bayer, Toronto, ON, Canada).
Magnetic resonance imaging
Magnetic resonance imaging (MRI) of 14-week-old mice was performed as described in Du et al. 19 with modifications detailed below. Four mice at a time were euthanized with sodium pentobarbital and then imaged. Coronal spin-echo T1-weighted sequences were obtained from head to anus with a Siemens 3-T MRI system using a standard human head coil. Adipose tissue volume was calculated from the spin-echo MR images with volume segmentation for adipose tissue. Axial and coronal images were obtained for each mouse and the average of these images was calculated.
Histology
At 14 weeks of age, the soleus and tibialis anterior (TA) muscles were isolated for histology. Sections were stained for myosin heavy chain isoforms and cytochrome c oxidase (COX) activity. 20, 21 Analyses were performed using ImageJ software (NIH, Bethesda, MD, USA).
Muscle homogenate
Quadriceps muscles were flash frozen in liquid N 2 . Muscle was homogenized on ice in a lysis buffer (20 mM Tris-HCl, 1% Triton X-100, 50 mM NaCl, 250 mM sucrose, 2% β-mercaptoethanol, 50 mM NaF, 5 mM NaPP, 1 mM Na 3 VO 4 and protease inhibitors) and spun at 14 000 g for 20 min at 4°C. Protein content was measured using a bicinchoninic acid assay and samples were stored at − 80°C.
Western blotting
Homogenate and isolated mitochondria were subjected to standard western blotting procedures. For additional information, including antibodies used see Supplementary Information. Band intensity was quantified using Image J (NIH) and normalized to complex IV for mitochondrial samples or α-tubulin for homogenate samples.
Mitochondrial isolation
Mitochondria from pooled forelimb, hindlimb and pectoral muscles were isolated using the method described by Chappell and Perry 22 with modifications. 23 For additional details, see Supplementary Information. Mitochondria were kept on ice and used for bioenergetic determinations within 2 h. Protein concentration was measured using the Bradford assay.
Mitochondrial bioenergetics
Isolated mitochondria were studied using the Seahorse XF24 (Seahorse Bioscience Inc., Billerica, MA, USA) using a method adapted from, 24 as described. 25 Oxygen consumption rate was determined in quintuplicate under state 2 conditions (10 mM pyruvate and 2 mM malate) prior to sequential additions of adenosine diphosphate (0.1 mM), oligomycin (2.5 μg ml − 1 ), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (8 μM) and antimycin A (4 μM) to assess state 3, state 4 O , maximal, and non-mitochondrial respiration, respectively. Oxygen consumption rate was corrected by subtracting non-mitochondrial values (after addition of antimycin A).
High resolution respirometry
In a separate cohort of mice, the white and red gastrocnemius (wGAS and rGAS) were removed and fibers permeabilized with 50 μg ml − 1 saponin. Respiration was determined in duplicate and at 37°C (0.5 mM ethylene glycol tetraacetic acid, 3 mM MgCl 2 · 6 H 2 O, 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid, 110 mM D-sucrose, 0.1% bovine serum albumin and 60 mM lactobionic acid; pH 7.1) using the Oxygraph-2k (Oroboros, Austria). Malate (2 mM) and octanoyl carnitine (200 μM) were added to determine adenylate-free leak respiration. Adenosine diphosphate+Mg 2+ (5 mM) were subsequently added to determine maximal electron flow through electron-transferring flavoprotein and fatty acid oxidative capacity. Submaximal state 3 respiratory capacity through complex I was determined following the addition of pyruvate (5 mM) and glutamate (10 mM). Succinate (10 mM) and adenosine diphosphate+Mg 2+ (5 mM) were then added to determine maximum oxidative phosphorylation capacity. Cytochrome c (10 μM) was added to test the integrity of the mitochondrial outer membrane. Only preparations in which addition of cytochrome c caused o 10% increase in respiration were included. Antimycin A (2.5 μM) was added to inhibit complex III and terminate respiration to determine non-mitochondrial oxygen consumption. All values were corrected for residual oxygen consumption.
Statistical analyses
All measures were analyzed using GraphPad Prism 5.0 (La Jolla, CA, USA). Data between groups at 10 weeks of age were compared using an unpaired Student's t-test. Body weight over time and glucose tolerance data were analyzed using two-way repeated measures analysis of variance with Bonferroni post-hoc tests. All data between groups at 14 weeks of age were analyzed using a two-way analysis of variance with Bonferroni posthoc tests. Values are given as mean ± s.e.m. Po 0.05 was considered significant.
RESULTS
Low birth weight offspring have decreased glucose tolerance Body weights of offspring from undernourished dams (U) were 27% lower on postnatal day 1 compared to offspring from control dams (C) (Figure 1a ). The body weight of U was similar to C by 3 weeks of age and their growth curves and food intake afterwards did not differ significantly (Figure 1b and Supplementary Figure S1A, respectively). U had decreased glucose tolerance at 10 weeks of age ( Figure 1c ), which became progressively worse by 14 weeks (Supplementary Figure S1B ). Tail and femur lengths were not different between U and C, indicating no difference in linear growth. There was also no difference in liver or heart weights ( Supplementary Table S1 ; 10 weeks and Supplementary Table S2 ; 14 weeks).
In utero undernutrition is associated with increased adiposity and blunted weight loss in response to calorie restriction Given our interest in weight loss response to hypocaloric diets, 21, 26 we studied whole body and skeletal muscle metabolism in offspring in both ad libitum-and calorie-restricted states. At 10 weeks of age, mice were put on a 40% calorie restriction diet for 4 weeks. With calorie restriction, U lost significantly less weight than controls, losing 15 and 26% of initial body weights, respectively ( Figure 1d ).
Absolute weight loss was~50% less in U than C. Body fat was quantified using MRI ( Figure 1e ). Body fat percentage was greater in ad libitum-and calorie-restricted U compared to ad libitum-and calorie-restricted C. Correspondingly, fat-free mass was decreased in U compared to C. U had greater gonadal white adipose tissue weights at 10 and 14 weeks compared to C (Supplementary Figure  S1C and F, respectively). Differences in body composition were not due to differences in heart or liver weight as indicated above ( Supplementary Table S2 ) and there were no noticeable differences in organ size at time of sacrifice or on MRI images.
In utero undernutrition decreases metabolic rate in the dark phase Indirect calorimetry and physical activity monitoring were conducted in the dark phase, when mice are awake and active, and in the light phase, when mice typically sleep and are less active. At 10 weeks, there was no significant difference in oxygen consumption, respiratory exchange ratio or activity (Supplementary Figure S2) . At 14 weeks, oxygen consumption per mouse was decreased in U in the dark phase, including a significant decrease in U-R vs C-R ( Figure 2b ). Oxygen consumption per mouse was not different in the light phase (Figure 2a ). Given the differences in adiposity and that adipose tissue is metabolically much less active than other tissues, oxygen consumption was also normalized to fat-free mass. Results expressed per gram of fat-free mass showed the same significant differences (Figures 2c and d) . Thus, data suggest that U have a decreased metabolic rate in the dark phase compared to C, particularly when mice are calorie restricted. No differences were observed in respiratory exchange ratio suggesting that U and C metabolize similar relative amounts of carbohydrates and fats (Figures 2e and f ). There was a trend for decreased physical activity in U in the dark phase ( Figure 2h ). Physical activity was not different in the light phase (Figure 2g ).
Blunted or absent response to calorie restriction in muscle fiber types and gene transcriptome in U compared to C offspring The soleus and TA muscles were selected for histological analyses as they differ greatly in fiber-type composition. Fiber-type proportions were classified based on myosin heavy chain isoforms. In order of most oxidative to least oxidative (that is, most glycolytic), mouse muscle contains types I, IIa, IIx and IIb fibers. 27 The soleus is highly oxidative, comprising almost exclusively types I and IIa fibers. In contrast, the TA is more glycolytic containing a mix of fiber types. There were no differences in fiber type in soleus between U-L and C-L or between U-R and C-R ( Supplementary Figure S4A and C) . Interestingly, in the more glycolytic TA, U and C responded differently to caloric restriction (Figures 3a-e ). In U, calorie restriction did not alter fiber-type proportions. In contrast, calorie restriction in C resulted in increased types I and IIb fibers and decreased type IIa fibers. Overall, there was a small but significant increase in the proportion of type IIa fibers in U (5.8% increase U-L vs C-L, 7.6% increase U-R vs C-R). Given these effects, microarray analyses were performed to measure the content of gene transcripts in the TA. Despite robust effects of calorie restriction on the expression of genes involved in skeletal muscle development and oxidative phosphorylation in control mice, gene expression was not drastically different between U and C, especially under conditions of calorie restriction. (Supplementary Figure S3A and B). We also compared genes that were differentially expressed with calorie restriction in the two groups.
Overall, results show that with calorie restriction far fewer genes are differentially expressed in U (U-R vs U-L; 1010) compared to C (C-R vs C-L; 2267; Supplementary Figure S3C ).
In utero undernutrition results in reduced skeletal muscle mitochondrial content As mitochondria play a key role in energy metabolism, the above-described differences in weight loss and metabolism could be due in part to differences in mitochondrial content. Crude mitochondrial yield, calculated as total mitochondrial protein from pooled skeletal muscle per unit wet weight, was decreased in U compared to C (Figure 4a ). With calorie restriction, mitochondrial content was decreased in U-R compared to C-R. Given the approximate nature of this assessment, we also measured complex IV (COX) protein, in quadriceps muscle. Levels were decreased in U compared to C (Figure 4b ).
To further assess mitochondrial content, sections of soleus and TA were stained for COX activity. In soleus, COX activity did not differ between U and C (Supplementary Figure S4D and E). In TA, COX activity was decreased in U compared to C (Figures 4c and  d) . Altogether findings indicate that mitochondrial content is decreased, as indicated by mitochondrial yield of pooled skeletal muscle; however, COX analysis of specific muscles indicates that mitochondrial content is decreased in mixed and low oxidative muscles but not in the highly oxidative soleus muscle. In utero undernutrition alters mitochondrial bioenergetics in skeletal muscle Bioenergetic determinations were conducted on mitochondria from pooled forelimb, hindlimb and pectoral muscles. State 2 (Figure 5a ) and state 4 O (Figure 5c ) respiration rates were decreased in U with a trend for a decrease in state 3 respiration ( Figure 5b ). Intriguingly, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone-induced maximal respiration was higher in U vs C (Figure 5d ). More specifically, in mitochondria from the ad libitum-fed U mice, state 4 and state 4 O respiration were decreased while maximal respiration was increased compared to C (U-L vs C-L). Interestingly, in the calorie-restricted state there were no differences in mitochondrial oxygen consumption (U-R vs C-R). We then assessed the relative proportion of the mitochondrial protein complexes in mitochondria. The relative levels of complexes I, II, III and V compared to complex IV did not differ between the groups (Figures 4e-i) . Since state 4 O respiration was decreased in U, we also assessed protein levels of adenine nucleotide translocase and uncoupling protein 3, but found no differences (Figures 5e and f,  respectively) .
In utero undernutrition alters energetics in permeabilized fibers from white gastrocnemius but not red gastrocnemius To further assess energetic differences in muscle, we performed high-resolution respirometry on permeabilized muscle fibers of the more glycolytic wGAS and the more oxidative rGAS. wGAS fibers from U had decreased adenylate-free leak respiration (Figure 6a ), fatty acid oxidative capacity (Figure 6b ) and state 3 respiratory capacity through complex I (Figure 6c ). Maximal oxidative phosphorylation capacity did not differ between U and C but was significantly decreased with calorie restriction (Figure 6d ). In contrast, respiration in fibers from rGAS was not altered in U (Figures 6e-h) . However, calorie restriction decreased adenylate-free leak respiration (Figure 6e ), fatty acid oxidative capacity (Figure 6f ) and state 3 respiratory capacity through complex I (Figure 6g ) with a trend for a decrease in maximal oxidative phosphorylation capacity (P = 0.07; Figure 6h ). Similar differences between U and C were also measured in wGAS and rGAS at 10 weeks of age (Supplementary Figure S5 ).
DISCUSSION
Although there is an increasing appreciation of the role of in utero nutrition in modifying the susceptibility to metabolic disease, its effects on skeletal muscle have remained largely unexplored. In utero undernutrition has been linked to obesity and insulin resistance in animal models and is associated with metabolic disease in humans. 3 In the current study, we used a mouse model of maternal undernutrition to show that low birth weight is associated with impaired skeletal muscle bioenergetics. Most notable is our demonstration of a negative impact of maternal undernutrition on skeletal muscle mitochondrial energetics and the capacity for weight loss. Specifically, maternal undernutrition altered muscle physiology (for example, fiber content) and downregulated mitochondrial content and energetics, in two experimental systems (that is, isolated mitochondria and permeabilized muscle fibers). This occurred in predominantly mixed muscles (quadriceps, TA and wGAS), but not in highly oxidative muscles (soleus and rGAS).
The developmental programming hypothesis proposes that food restriction in utero causes adaptations to maintain energy homeostasis that favor survival in an environment with limited nutrient supply, resulting in a thrifty phenotype. However, with postnatal nutrient excess, these adaptations made in utero become detrimental, increasing susceptibility to obesity and glucose intolerance. 1 Here we extend this hypothesis and demonstrate that low birth weight offspring when calorie restricted in adulthood, are resistant to weight loss due apparently to the thrifty metabolic mechanisms programmed in utero.
A key finding was that in response to a 4-week 40% calorie restriction, U lost 50% less weight than C. This is particularly interesting given documented weight loss variation in diet-adherent obese women in a clinical weight loss program. 21, 26, 28 The latter studies showed that obese diet-resistant subjects (that is, in the lowest quintile for weight loss) had decreased 'energy-wasting' mitochondrial proton-leak respiration, decreased uncoupling protein 3 mRNA, downregulation of genes involved in oxidative phosphorylation and glucose and fatty acid metabolism, and decreased oxidative muscle fibers in muscle compared to dietsensitive subjects. 21, 26 Consistent with this, pathway enrichment analysis of blood gene expression profiles showed downregulation of the oxidative phosphorylation pathway in the diet-resistant subjects prior to the hypocaloric diet program. 28 Although many studies have examined variation in weight gain, few studies have focused on variation in weight loss. Therefore, the latter studies show that mitochondrial energetics are more efficient and fiber composition less 'oxidative' in muscle of diet-resistant women compared to diet-sensitive women. In the current study, we document diet resistance in a murine epigenetic model and findings are consistent with the possibility that environmental factors and epigenetic mechanisms may contribute at least in part to weight loss resistance in humans. Skeletal muscle accounts for~20% of resting metabolic rate in humans and its mass and oxidative capacity are positively related to resting energy expenditure. 29, 30 Given that muscle is an important determinant of whole body metabolism and insulin sensitivity, reductions in muscle mass are important. We found that offspring of U have reduced lean body mass and increased fat mass, as calculated from MRI. This alteration in body composition is a common phenotype associated with low birth weight in humans and animal models. 4, [31] [32] [33] [34] This reduction in muscle mass may disrupt systemic metabolism and contribute to the decreased glucose tolerance and adult disease risk in this model. Metabolic rate was decreased in U in the dark phase after calorie restriction, as compared to C. This could explain, in part, why U mice lose less weight under this condition. There was a trend towards decreased physical activity in U in the dark phase; however, physical activity was not significantly different after calorie restriction. These findings suggest that with caloric restriction, U have an increased ability to conserve energy.
We also examined mitochondrial content in skeletal muscle. Overall, mitochondrial content is decreased in U as assessed by mitochondrial yield from pooled skeletal muscle. Moreover, mitochondrial content is decreased in mixed fiber muscles as assessed by COX activity staining in TA and by COX protein levels in quadriceps but remains unchanged in soleus as assessed by COX activity staining. Mitochondrial energetics were then assessed in mitochondria and permeabilized muscle fibers. In utero undernutrition altered mitochondrial energetics with mitochondria from U having decreased states 2, 3 (trend) and 4 O respiration rates but an increased maximal respiration rate. These differences were not due to decreased expression of uncoupling protein 3 or adenine nucleotide translocase or to a decrease in the relative proportion of the mitochondrial complexes but may be a result of their increased activity. Respiration in fibers from wGAS extended these results, which showed that U have decreased adenylate-free (that is, proton leak) respiration, fatty acid oxidative capacity and complex I-driven state 3 respiration. Maximal oxidative phosphorylation, however, was not different in permeabilized fibers. Thus, U have decreased muscle mitochondrial content, while isolated mitochondria have increased maximal respiratory capacity. Although skeletal muscle from U has a high capacity for oxygen consumption, under resting conditions energy expenditure is decreased. Therefore, in utero undernutrition results in not only a decrease in mitochondrial content but also in decreased respiration in muscle fibers and impaired mitochondrial respiration. Taken together, findings explain, at least in part, the dramatically blunted weight loss with calorie restriction in U. Given the central role that muscle plays in whole body metabolism, we suggest that muscle mitochondrial dysfunction caused by in utero undernutrition contributes to obesity, weight loss resistance and glucose intolerance in adulthood. The impact of in utero undernutrition on other highly metabolic tissues, such as liver, remains to be examined.
Interestingly, in utero undernutrition did not affect respiration in fibers from rGAS, although calorie restriction had a more profound effect in rGAS compared to wGAS. Thus, alterations in metabolism that occur with in utero undernutrition are partly dependent on muscle type. In utero undernutrition also increased the proportion of type IIa fibers in the TA and eliminated the change in fiber-type proportions induced by calorie restriction in this muscle. There was no effect of in utero undernutrition on fiber-type proportions in soleus. Similarly, COX activity was decreased in the TA of U, but not in the soleus. The increase in type IIa fibers in this mouse model is similar to the fiber-type shift towards more glycolytic fibers and a lower oxidative capacity observed in muscle from obese individuals with T2DM. 6, 9, 10 Moreover, weight loss-resistant obese patients have a greater proportion of glycolytic fibers than weight loss-sensitive patients. 21 Taken together, results indicate that in utero undernutrition causes metabolic dysfunction in more glycolytic muscle, such as wGAS and TA, with minimal effects in oxidative muscle, such as rGAS and soleus. Gene expression analysis of the TA showed that despite robust effects of calorie restriction on expression of genes involved in muscle development and oxidative phosphorylation in control mice, expression was not drastically different between U and C, especially under conditions of CR (Supplementary Figure S3 ). Overall, it is apparent that calorie restriction has less of an effect on the transcriptome in U than C muscle. This is intriguing in light of the decreased weight loss and lack of change in fiber type induced by calorie restriction in U compared to C.
It has been shown in the same model of in utero undernutrition that the prevention of rapid catch-up growth in early life prevents the development of obesity and glucose intolerance in adulthood. 35 In a study of low birth weight rats that were undernourished throughout gestation, exercise in adulthood was shown to eliminate prenatally induced obesity. 36 These findings combined with our results suggest that, in low birth weight offspring, calorie restriction in early life is more effective than in adulthood to oppose obesity. Moreover, a physical activity intervention in adulthood may be more effective than calorie restriction to reduce obesity associated with low birth weight. This finding could be particularly important when designing weight loss programs for obese diet-resistant adults. Further studies are needed.
In summary, our results show that in utero undernutrition impacts muscle energetics by altering mitochondrial content and oxidative functions. This is supported by several observations. First, adult mice from undernourished pregnancies have increased adiposity and when challenged with calorie restriction, have a dramatically decreased weight loss. Second, muscle mitochondrial content is decreased in mixed fiber muscles with in utero undernutrition. Third, in utero undernutrition resulted in decreased respiration in isolated mitochondria and permeabilized fibers. Taken together, results suggest that the decreased mitochondrial content and activity in mixed fiber muscles contribute to increased adiposity and impaired glucose tolerance and, when faced with dietary energy deficit there is an apparent heightened metabolic efficiency. Overall, findings suggest that low birth weight offspring may have developed a protective mechanism in utero for species survival in times when energy supply is restricted. As low birth weight is a significant risk factor for obesity and T2DM, understanding how it alters skeletal muscle is important for both prevention and therapy.
